The oxidation behavior of dense TiB 2 specimens was investigated. Hot-pressed TiB 2 with 2.5 wt% Si 3 N 4 as a sintering aid was exposed to air at temperatures between 800°and 1200°C for up to 10 h. The TiB 2 exhibited two distinct oxidation behaviors depending on the temperature. At temperatures below 1000°C, parabolic weight gains were observed as a result of the formation of TiO 2 (s) and B 2 O 3 (l) on the surface. The oxidation layer comprised two layers: an inner layer of crystalline TiO 2 and an outer layer mainly composed of B 2 O 3 . When the oxidation temperatures were higher than 1000°C, gaseous B 2 O 3 was formed along with crystalline TiO 2 by the oxidation process. In this case, the surface was covered with large TiO 2 grains imbedded in a highly textured small TiO 2 matrix.
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I. Introduction
B ECAUSE of its excellent physical and mechanical properties, titanium boride (TiB 2 ) has many attractive properties for applications such as cutting tools, armor materials, and wearresistant materials.
1,2 However, like other covalently bonded materials, the production of high-density TiB 2 is very difficult because the mass transport for densification is quite restricted. In addition, a thin oxygen-rich layer existing on the surface of TiB 2 powder is known to be very detrimental to densification. [3] [4] [5] [6] The addition of carbon or SiC was found to be effective in enhancing the densification of TiB 2 through elimination of the oxide layer existing on the surface of the starting powder. 4 -6 Recently, we improved the flexural strength of TiB 2 markedly by adding a small amount of Si 3 N 4 as a sintering aid. The Si 3 N 4 was effective in increasing the sinterability of TiB 2 not only by eliminating the TiO 2 on the powder surface but also by forming amorphous SiO 2 at the grain boundaries. 7, 8 Along with sinterability and mechanical strength, environmental stability is another important criterion for actual applications. Engineering ceramics are frequently exposed to high temperatures. Therefore, the high-temperature stability, especially oxidation behavior, is an important property to be understood. Despite the importance of the oxidation behavior of TiB 2 , there has been only a limited amount of research on this topic. 9 -16 In the present study, the oxidation behavior of TiB 2 specimens hot-pressed with 2.5 wt% Si 3 N 4 as a sintering additive was investigated. The oxidation kinetics were measured by monitoring the weight change of the specimens. The composition and morphology of oxide layers were observed by using XRD and SEM, respectively.
II. Experimental Procedure
As starting materials, TiB 2 powder (Grade F, H. C. Starck GmbH & Co., Goslar, Germany) and Si 3 N 4 powder (SN E-10, Ube Industries, Tokyo, Japan) as a sintering aid (2.5 wt%) were used. The powders were mixed by wet ball milling for 24 h in a polyethylene bottle with Si 3 N 4 balls and acetone as media. After mixing, the slurry was dried in a rotary vacuum evaporator and screened through a 60-mesh screen. The powder mixtures were hot-pressed at 1800°C for 1 h, with an applied pressure of 30 MPa, in a flowing Ar atmosphere. The density of the specimens was measured using the Archimedes method and the theoretical density was estimated by the rule of mixture.
Specimens with dimensions of 2 mm ϫ 5 mm ϫ 20 mm were cut out from the sintered bodies and machined with a 600-grit diamond wheel and subsequently polished with diamond slurries down to 1 m. Before oxidation, the surfaces were ultrasonically cleaned in acetone and then in ethanol.
Oxidation tests were conducted in a vertical tube furnace at temperatures between 800°and 1200°C for periods up to 10 h in air. The furnace was heated with a heating rate of 10°C/min and maintained at exposure temperatures. Polished specimens, suspended at the end of a platinum wire, were inserted into the hot zone from the top. This fast heating was selected to minimize oxidation during heating. After oxidation, the specimens were cooled slowly in the furnace to minimize thermal shock.
Each sample was weighed before and after the exposure to determine the weight change during the oxidation process. The oxidized and fractured surfaces were examined by scanning electron microscopy (SEM). The reaction products formed on the surface were identified by X-ray diffraction (XRD) and energy dispersive spectroscopy (EDS).
III. Results and Discussion
The density of hot-pressed TiB 2 bodies with 2.5 wt% Si 3 N 4 as a sintering additive was higher than 99% of the theoretical value. The weight change of specimens exposed to air was strongly dependent on the oxidation temperature, as is shown in Fig. 1 . When the TiB 2 specimens were exposed to air at 800°C, a parabolic weight gain was observed, indicating that a dense layer was formed on the surface of the specimen. When TiB 2 is exposed to air at elevated temperatures, the following reactions are known to occur:
Parabolic weight gain, shown in Fig. 1 , indicates that reaction (1) is dominant at 800°C. By increasing the oxidation temperature, the vaporization of B 2 O 3 (l) (see reaction (2)) occurred more vigorously. At 1000°C, the weight of the sample was dependent on the exposure time. For the first 2 h, rapid weight gain occurred. However, the weight gain was followed by a slight weight loss, as shown in Fig. 1 
As a result, the weight gain at 1200°C for up to 3 h was even smaller than that observed at 1000°C. Scanning electron micrographs of the samples after oxidation at various temperatures are shown in Figs. 2(A-C) . When the specimen was exposed to air at temperatures below 1000°C for 10 h, a continuous oxide layer was formed on the surface, as shown in Fig. 2(A) . The layer was severely cracked, apparently due to the difference in the coefficient of thermal expansion (CTE) of the oxide layer and that of TiB 2 . As the temperature was increased to 1000°C, the surface was covered with a spheroidal crystalline phase, as shown in Fig. 2(B) . With further increase in temperature to 1200°C, the surface layer was composed of a very large spheroidal phase dispersed in a highly textured crystalline phase (Fig. 2(C) ).
Variation in the oxidation behavior depending on temperature was also observed by X-ray diffraction patterns. XRD patterns representative of specimens before and after exposure to air at various temperatures are shown in Figs. 3 . Before the exposure, only TiB 2 peaks were detected as shown in Fig. 3(A) . When the specimens were exposed to air at temperatures below 1000°C for 10 h, strong TiO 2 (rutile) and B 2 O 3 peaks were detected as well as TiB 2 peaks (Fig. 3(B) ), suggesting that reaction (1) actually occurred. Clearly, crystalline B 2 O 3 was formed during the cooling process after the oxidation. As the temperature was increased to 1000°C, TiO 2 peaks became even stronger while the B 2 O 3 peaks were barely detected, as shown in Fig. 3(C) . These XRD results support the premise that the B 2 O 3 was evaporated at this temperature, leaving the crystalline TiO 2 on the surface. With further increase in temperature to 1200°C, highly textured TiO 2 crystallites were formed on the surface (Fig. 3(D) ). As expected, the B 2 O 3 peak had completely disappeared.
The relative intensity of B 2 O 3 peaks with respect to that of TiB 2 as a function of exposure time is shown in Fig. 4 . When the specimen was oxidized at 800°C, the intensity of B 2 O 3 peaks steadily increased with time. However, at 1000°C, the intensity of B 2 O 3 increased rapidly for up to 2 h, and declined thereafter, as shown in Fig. 4 . These trends reflect the weight changes of the specimens exposed at 800°and 1000°C (Fig. 1) .
The fracture surface of the specimens revealed the nature of the oxide layers, as shown in Figs. 5(A) and (B) . When the specimen was oxidized in air at 800°C, the oxide layer was composed of a double layer as shown in Fig. 5(A) . The outer layer consisted of B 2 O 3 crystallites imbedded in a boron-rich glass phase, while the inner layer was mainly composed of crystalline TiO 2 . The formation of the double layer suggests that the wetting angle of B 2 O 3 (l) with respect to TiO 2 was very high. In contrast, when the specimen was exposed at 1200°C for 2 h, the oxidation layer was a TiO 2 single layer with a thickness of about 100 m, supporting the weight change and XRD results described above.
III. Summary and Conclusions
The oxidation behavior of hot-pressed TiB 2 was investigated. Samples were oxidized in air at temperatures between 800°and 1200°C for up to 10 h. Changes in weight, composition, and microstructure were monitored. The TiB 2 material exhibited two distinct oxidation behaviors depending on the exposure temperature. At temperatures below 1000°C, parabolic weight gains were observed as a result of the formation of TiO 2 and B 2 O 3 (l) on the surface. The layer was severely cracked during cooling after the oxidation due to the thermal expansion mismatch between the layer and the substrate. At temperatures above 1000°C, crystalline TiO 2 was formed along with gaseous B 2 O 3 by the oxidation process. In this case, the surface was covered with a thick crystalline TiO 2 layer. 
